Abstract-The objective of this study was to realize the free swimming of the crawl stroke with the previously developed swimming humanoid robot. The upper body of the robot was remodeled to fit a free swimming test. The developed robot was simulated to raise feasibility of the crawl stroke. Through the simulation, two improved models were proposed. In the experiment, the swimming humanoid robot was fitted to the two simulation models and both realized the crawl stroke successfully. The measured roll angle was about ± 60 degrees and the swimming speed was between 0.2 m/s and 0.24 m/s.
INTRODUCTION
Humanoid robots have been studied for several decades. In the initial stage, a major concern of the research was how a humanoid robot could walk like a human. Currently, a humanoid robot can run, go up and down the stairs and even dance [1] [2] [3] . Recently, some researchers developed humanoid robots to use not only for indoor work but also under real environments contacting dust and water [4] . In a further study, researchers have studied to widen the humanoid robot's application field such as space [5] . However, still, the research about a humanoid robot for underwater use is not active in considering potentials for utilization of a robot in the water.
Indeed, a humanoid robot for underwater use is useful for the research of human swimming. In the past studies, the humanoid robots on land often have been utilized for investigating the mechanism of human's on land motion. Similarly a humanoid robot for underwater use can be utilized for investigating the mechanism of human swimming. The findings obtained by such investigations will be useful for the performance enhancement of competitive swimmers, as well as the development of instruments in the water, such as functional swimwear, fin attached to a swimmer, prosthesis for underwater use, and so on.
One of the reasons why few researchers have developed humanoid robots for underwater use is the difficulty of making the waterproof body of a humanoid robot which consists of complex joints. The other reason is the difficulty of generating robot locomotion in the water.
Only a few researchers developed humanoid robots for underwater use. Oya and Suzuki proposed a divertype small humanoid robot to estimate water depth by the robot's behavior [6] . Li et al. developed a swimming humanoid robot with a flutter kick [7] . Nakashima and Kobayashi developed a small swimming humanoid robot for research of human swimming [8] . They developed waterproof robot platforms and proposed locomotion in the water. However, there is still much room for improvement. The previous robots were remodeled from land-based robots for underwater use and had waterproof clothes such as a diving suit on to make a waterproof body. However, such thick clothes restricted the movement of a robot and made it difficult to do the appropriate movement. They moved in the water with either their legs or arms. The former two models moved only by the flutter kick motion. However, it is known that the flutter kick does not generate much propulsive force and is not efficient in human swimming [9] . Although the latter model realized arm movement, it was unnatural due to the limitation of the degree of freedom and the range of the joint angles.
In order to achieve swimming in the water by a humanoid robot, a swimming humanoid robot which can perform the motion of the crawl stroke, back stroke and butterfly stroke has been developed [10, 11] . The successful swimming motion in the water was confirmed with the four supporting struts [12] . However, the completely free swimming without any supports has not been realized yet. To propose basic locomotion of an underwater humanoid robot such as walking locomotion on land, the front crawl stroke was focused on among the formal types of human swimming motions because it is the most popular swimming stroke and is regarded as the fastest. Thus, the objective of the present work was to realize the free swimming of the crawl stroke with the developed robot model. The realization of the free swimming will be useful particularly for the research of human swimming related to control strategy of the body motion during swimming. To achieve the goal efficiently, a simulation study was performed as well. The paper is organized as follows: Section 2 describes the swimming humanoid robot, Section 3 describes the simulation models and results, Section 4 describes the experiment of the crawl stroke in the real environment, and Section 5 presents the conclusion and future work.
II. SWIMMING HUMANOID ROBOT
A. Overview A full-body swimming humanoid robot was developed on a half size scale for research of human swimming. It was named SWUMANOID. It had a detailed human body shape of an elite swimmer using 3D scanning and printing equipment since it was developed for the experimental model substituting a human subject. Not only the appearance but also the methodology to realize various swimming strokes was considered. However, the robot size was determined to be half the size of a real human in order to make development easier and to be more convenient when it is operated in experiments. In order to reproduce the complicated swimming motions with high fidelity, 20 waterproof actuators were installed.
B. Improvement of the Upper Body
From the simulation and experiment, it was proved that it can perform swimming stroke motions precisely and the propulsive force of the robot could be measured [12] . However, from the previous experiments, several problems were found to conduct a free swimming test. Such problems were compensated to achieve the aim of this study. The improved points are as follows:
-Buoyancy of the breast part -Driving torque of the shoulder -Modularization of the parts -Waterproofing of the cases To produce proper buoyancy on the breast part, breast cases were designed and assembled in the body case. The former model had an empty cover in the breast part to install a scapular joint as shown in Fig. 1 (a). It could be a problem for free swimming because the water could come into the breast part. A real human has lungs in the breast and they are the main source of buoyancy. It also plays an important role in producing roll motion [9, 13] . To keep body balance, especially about the rolling motion of the crawl stroke, cases were installed at the location of lungs keeping the front shape of the breast as shown in Fig. 1 (b) . The two red parts are the two separated cases which were newly installed. The size of the breast cases was determined by specific gravity of the human breast part.
In addition, larger motors were installed in the shoulder joints to achieve faster stroke cycles. The upper arm and breast parts were also modularized for ease of maintenance. Figure 2 shows the standardized shape of motor assembly and the installation method. Wires were attached on the cover and could be detached with a cover from the motor, so motors and cases easily could be changed and repaired without concern about the reprocessing of waterproofing.
Waterproofing of the cases was reinforced by installing O-rings. In the previous model, O-rings were not used to waterproof the robot cases because space was limited. The shape of human body should be kept to measure fluid forces acting on the robot substituting a human subject. Therefore, room could not be secured for O-rings and the covers were sealed with silicone instead. However, it caused various problems such as leakage, difficulty of maintenance, and too much assembling time. To make space on the cases for installation of O-rings, the assembly strategy of the motor was changed. Instead of inserting assembled motors into the cases, motor parts were inserted and assembled inside of the case as shown in Fig. 3 . The rotational axis of the motor was sealed by the same method of a waterproofed module 'A' in Fig. 2 (a) . Table 1 shows the weight and volume of each of the robot's parts. The breast part was adjusted to about 0.7 and the other parts were adjusted to about 1. The weight of each module was measured and the volume was calculated using CAD software. The total weight of the robot was approximately 7.12 kg and the specific gravity was about 0.96. The weight was corresponding to 60 kg of a real human but it was slightly light considering the height. The reason was that the hip of the robot was smaller and lighter than a real human's and there was room for connection with experimental equipment in both sides of the hip.
C. Body Balance

D. Electrical Parts and Specifications
The robot was driven by 20 servo actuators called 'DYNAMIXEL' (RX and MX series, Robotis Co.). They were linked by a daisy chain, so wiring was simple and many steps were saved in waterproofing the wires compared to normal RC servo motors. The installed motors were controlled by a robot controller (CM-700, Robotis Co.). The controller was powered by two different batteries. Two batteries of different voltages were used in order to distribute weight and operate the upper and lower body respectively in different voltages. In order to measure the rolling angular velocity of the robot, a gyro sensor was installed in the body. To receive the sensor data and control the robot remotely, the ZigBee module (ZIG-100/100A, Robotis co.) was installed in the back of the robot and PC respectively. Figure 4 shows the developed swimming humanoid robot with the remodeled upper body. Table 2 shows specifications of the humanoid robot.
III. SIMULATION
A. Overview of Simulation Model
To reduce the process of trial and error during the experiment, the crawl stroke of SWUMANOID was simulated first. As the implementing method of the fluid force model, the swimming human simulation model 'SWUM', which was developed by Nakashima et al. [14] , was employed. The present simulation model computes the absolute movement of the swimmer's whole body as one rigid body, by solving the equations of motion for the rigid body with the given relative body motion as joint angles. Therefore, the swimming speed, floating degree of the body, motions of roll, pitch, yaw, and so on are obtained as the calculated results. As external forces act on the human body, unsteady fluid forces, including buoyancy and gravitational force, are taken into account. The unsteady fluid force is assumed to be computable from the local motion of each body part, that is, position, velocity, acceleration, direction, angular velocity, and angular acceleration, without solving the flow field. Their details are described in the references. The recent progress related to SWUM was reviewed in the reference [15] . Some of the analysis data and animation movies are open to the public at the SWUM website [16] . Figure 5 shows the constructed simulation model and CAD model of SWUMANOID. In the simulation each body segment of the robot was represented as a truncated elliptical cone and its dimension was determined by feature points of the body and the position of the joints. Details of body parts were readjusted by the volume of each segment because the major role of the body parts during swimming is to make buoyant force. The robot had covers on the hip but the shape was ignored and only volume was considered and calculated. Density of each part of the robot was measured and entered into the simulation. Therefore the weight of the simulation model was almost the same as the actual model.
B. Modeling of SWUMANOID
C. Joint Motion
The joint motion in the present study was determined based on standard six-beat crawl stroke of SWUM. With respect to the six-beat crawl, Nakashima et al. have already analyzed contributions of each fluid force component and of each body part to the thrust, effect of the flutter kick, estimation of the active drag, roll motion, and the propulsive efficiency [9] . However, some joint motions were modified to adapt to SWUMANOID. The elevation motion of the shoulder was ignored because it could not be realized with the present shoulder joints. The push motion of the crawl stroke was modified to avoid the collision of the hands to the trunk. The motions of the shoulder and ankle were slightly modified due to the limited range of the motion of the robot.
D. Modified Models
Through prior simulation analysis, it was found that the present model could not realize the crawl stroke properly. The primary cause was the roll movement and recovery stroke didn't occur well. These two actions have a complementary relationship. The roll movement makes the recovery of the arm easier and the recovering arm creates the roll moment by translating the center of gravity and buoyancy [9, 13] . To improve this condition, two simulation models were constructed in which the roll movement and the recovery stroke were improved respectively. The modification of the model was conducted within the practical range. Figure 6 shows the two modified models. Model I was constructed to strengthen the roll movement by adjusting the head pitch angle. The model lifted its head up as shown in Fig. 6 (a) to produce the larger roll angle. During the roll movement, the lifted head balanced with the recovering hand and the condition became easier to roll. Also, the rolling time was delayed by the increased rotational inertia. Therefore, it was expected that the stroke cycle would be extended. Although the standard crawl stroke of SWUM was suitable for a stroke cycle of 1.96 sec, it could be extended and a load of the actuators of the robot could be reduced.
Model II was constructed to reinforce the supporting force of the recovery arms. While the volume of the upper limbs of SWUMANOID was larger than that of the standard simulation model, the volume of the trunk was smaller. So, the buoyancy of the trunk was regarded as not enough to support the heavy upper limb during the recovery stroke. However, in the case of Model I, the recovering hands could go out of the water by a large roll motion even though the body sank a little. Model II was made by removing some weight from the head to lighten the load of the body buoyancy and by increasing the volume of the hip as shown in Fig. 6 (b) . As a result, the specific gravity of the whole body was changed from 0.965 to 0.95. Table 3 shows the simulation results. The swimming speed of each simulation model according to different stroke cycles was presented. Every trial was simulated during 20 stroke cycles and the last three strokes were averaged as shown in Table 3 . The original model could not swim at every trial. Model I could swim at stroke a cycle of 2.0, 2.2 and 2.4 sec but the recovery was not realized well at the stroke cycle of 2.6 sec. The overall speed was slow compared to Model II because the lifted head produced drag. Model II could swim at a stroke cycle of 2.0 and 2.2 sec. However, at a stroke cycle of 2.4 and 2.6 sec, the roll movement and recovery was not realized properly and could not go forward. Figure 7 shows the schematic diagram of the experimental setup. The swimming speed and rolling angular velocity of the humanoid robot were measured at an outdoor pool which was 25 m length, 12 m width and 1.3 m depth. Every experiment was filmed by a camera, which followed the swimming robot from the side. The position of the robot was estimated by measuring tape located on both sides of the robot's heading direction. SWUMANOID was controlled wirelessly from a laptop computer.
IV. EXPERIMENT
A. Experimental Setup
B. Experimental Method
In the experiment, SWUMANOID performed the crawl stroke under two different conditions of the body. The defined joint motions in the simulation were converted to the joint angles of SWUMANOID through kinematic calculation [10] . Some weights and volumes were rearranged to realize the two simulation models. To fit SWUMANOID to simulation Model I, weight was attached at the back of the head as shown in Fig. 8  (a) . SWUMANOID did not have a pitch joint on the neck, so the center of gravity was adjusted by distribution of weight inside and outside of the head. The total weight of the head was unchanged and the specific gravity of the head was maintained at about 1.
To realize simulation Model II, some weight was removed from the head and Styrofoam was attached to add volume to the hip as shown in Fig.8 (b) . The specific gravity of the head decreased to about 0.72. The volume of the hip increased about 300 cm 3 after the Styrofoam was attached. Additionally, weight was added to maintain the specific gravity of the hip. The stroke cycle was quickened gradually from 4 sec to 2.27 sec. The swimming speed was estimated from analysis of video recording and the rolling angular velocity was measured by a gyro sensor which was installed inside of the body.
C. Experimental Results
Model I performed the crawl stroke successfully. Figure 9 shows a series of images of the crawl stroke at the stroke cycle 2.39 sec. The movie of the experiment is shown in Movie S1. At the stroke cycle of 4, 3 and 2.7 sec, Model I could not swim forward and floundered in the water because the rolling motion was not realized properly. As a result, the recovery stroke was performed in the water not in the air. At the stroke cycle 2.39 sec the recovery stroke was performed properly and the robot went straight. Figure 10 shows the roll angle of test Model I and simulation Model I. In the experiment, the angular velocity was measured by a gyro sensor. The roll angle was calculated by integration of the angular velocity. In the calculation, the drift component of the angular velocity was deducted as a constant value. The amplitude of the roll angle of test Model I was about ± 60 degrees. The good agreement between the simulation and experiment was seen with respect to the amplitude as well as the curve shape. The average overall swimming speed of the robot model was measured about 0.23 m/s.
Model II performed the crawl stroke successfully as well. Figure 11 shows a series of images of the experimental result and simulation result of the crawl stroke at the stroke cycle of 2.27 sec. It was confirmed that the simultaneous motions corresponded well. The video of the experiment is shown in Movie S2 and the simulation is shown in Movie S3.
The swimming speed was calculated at each stroke cycle. The moving distance by each stroke was calculated using two parallel pieces of measuring tape. The position of the head was checked at the beginning and ending of the strokes as shown in Fig. 12 . Not only the forward movement but also lateral movement was considered, though the robot went almost straight. Figure 13 shows the results of the calculation. Mostly, the swimming speeds were between 0.2 m/s and 0.24 m/s. However, sometimes the recovery was not performed properly as shown in Fig. 14 and the swimming speed was slowed down to under 0.2 m/s. Even though the abnormal recovery strokes were considered, the swimming speed was slower compared to the simulation result. In the simulation, the swimming speed of Model II was about 0.43 m/s at the stroke cycle of 2.27 sec. It was supposed that this was caused by differences between the actual model and simulation model, such as body balance and the structure of the shoulder. Unidentified fluid coefficients with the present robot model in SWUM may be one of the reasons.
V. CONCLUSION AND FUTURE WORK
In the present study, the upper body of SWUMANOID was remodeled to fit the free swimming test in the crawl stroke. Using a human swimming simulation model SWUM, a feasibility study was conducted and two different models were proposed to perform the free swimming in the crawl stroke. Model I was constructed to produce larger roll movement and Model II was constructed to improve buoyancy for the stable recovery stroke. The two simulation models were realized in actual models with SWUMANOID. The crawl stroke was performed successfully by the two models respectively. The roll movement of Model I was calculated to be about ± 60 degrees. The crawl stroke motions of Model II matched very well with the simulation model.
Validation of the simulation model and the SWUMANOID by measuring the propulsive force, realizing a more realistic swimming stroke, and testing various stroke motions will be the future tasks. 
